Purpose: The high risk of recurrence after transurethral resection of bladder tumor of nonmuscle invasive disease requires lifelong treatment and surveillance. Changes in DNA methylation are chemically stable, occur early during tumorigenesis, and can be quantified in bladder tumors and in cells shed into the urine. Some urine markers have been used to help detect bladder tumors; however, their use in longitudinal tumor recurrence surveillance has yet to be established.
Introduction
Bladder cancer was one of the 10 most prevalent malignancies in males in 2011 ranking fourth and eighth in terms of deaths and new cases, respectively (1, 2) . Nonmuscle invasive bladder cancer (NMIBC) accounts for 80% of all the cases, and can be further classified into mucosa only (Ta), carcinoma in situ (Tis), and lamina propria invading (T1) lesions (3, 4) . The primary treatment for NMIBC is transurethral resection of bladder tumor (TURBT) with or without intravesical chemo or immunotherapy; however, more than 50% of patients recur after the TURBT procedure, with the highest rate of recurrence occurring in patients with high-risk disease (5, 6) . As a result, patients require frequent and lifelong monitoring following TURBT, making bladder cancer one of the most costly types of cancer to manage.
The current gold standard for monitoring of bladder cancer recurrence involves the use of cystoscopy and cytology (2, 3) . Disease surveillance is cumbersome because of the invasive nature of cystoscopic examination and the low sensitivity of urinary cytology in the detection of low-grade tumors (7) . Recently, efforts have been devoted to find better markers of disease diagnosis and prognosis in samples collected by noninvasive methods, such as urine sediments (8) . The addition of nuclear matrix protein 22 , bladder tumor antigen, or UroVysion FISH has shown to help increase the sensitivity of cytology (9) . However, due to their inconsistent performance in terms of specificity or sensitivity, the markers proposed to date have not been widely adopted in routine clinical practice (10) . Therefore, there is a need to find reliable markers to monitor recurrence in TURBT patients, which in turn, may improve disease management.
Epigenetic changes, namely changes in chromatin structure that regulate gene expression, occur during tumorigenesis (11) . Aberrant DNA methylation including increases and decreases at specific loci is the most common epigenetic change in tumorigenesis and it can be detected in premalignant lesions (12) (13) (14) (15) . Changes in DNA methylation are chemically stable and can be quantified, which makes them potentially good tumor markers (16, 17) . Inactivation of tumor suppressor genes by gain of DNA methylation (hypermethylation) or global loss of DNA methylation (hypomethylation), which activates genes that are normally not expressed, have both been observed in bladder tumors (13, (18) (19) (20) . Further studies have also shown that methylation changes found in urine sediments mirror those found in tumor tissues, indicating cancer-specific features (19, (21) (22) (23) .
We previously identified both hyper-and hypomethylated regions in bladder tumors and their premalignant lesions (12, 13) . We demonstrated that a specific LINE1 element, which is located within the MET oncogene (L1-MET) and activates an alternate transcript of MET, was hypomethylated, and that the promoter of ZO2 (tight junction protein 2) was hypermethylated in bladder tumors as well as in adjacent histologically normal urothelium, suggesting that epigenetic changes precede morphologic changes, a phenomenon that might be involved in malignant predisposition termed "epigenetic field defect" (12, 13) . We also found a group of genes that showed methylation changes both in bladder tumors and urine sediments from patients with bladder cancer (21, 24) . On the basis of these studies, we hypothesized that DNA methylation changes in urine sediments from TURBT patients could be used to detect early bladder cancer recurrence. To test our hypothesis, we collected urine samples from TURBT patients at follow-up visits over a 7-year period and assessed the methylation status of a panel of markers, including cancer-specific hypermethylated markers (HOXA9, SOX, NPY), an epigenetic driver gene (IRAK3; ref. 25) , and field defect markers (ZO2 and L1-MET; refs. 12, 13). Our results show that the combination of SOX1, IRAK3, and L1-MET provides better resolution than cytology and cystoscopy in the detection of early recurrence. Overall, our results suggest a critical role of the balance between hyper-and hypo-DNA methylation in bladder carcinogenesis, and provide a noninvasive and cost-effective way to assess patients post-TURBT, which may help inform treatment direction and limit the use of invasive procedures such as cystoscopies.
Materials and Methods

Patients and sample collection
The study population includes patients under surveillance for tumor recurrence following TURBT for noninvasive urothelial carcinoma (Tis, Ta, T1; grade low-high). Urine samples were obtained from 90 such patients with NMIBC at each available clinical follow-up visit. Patient's age ranged from 41 to 96 years, with a median age of 69 years. Urine collection at follow-up visits was performed at the Department of Urology, USC Norris Comprehensive Cancer Center (Los Angeles, CA) from 2004 to 2011 according to the institutional guidelines, in compliance with Institutional Review Board-approved protocols. Patients at high risk of recurrence (Tis, high-grade Ta/T1 disease) had received prior intravesical therapy with Bacillus CalmetteGuerin (BCG) or mitomycin C at the discretion of the treating physician. A total of 368 samples were collected under patient informed consent at follow-up visits over a period ranging from 5 to 89 months (Fig. 1A) . The baseline clinicopathological characteristics of the patients showed no significant differences between the study groups (Table 1) .
Tumor recurrence was defined as biopsy-proven bladder cancer occurring subsequent to complete resection of the visible primary tumor. Severe atypia concomitant with papillary lesions detected by cytology and cystoscopy was recorded as recurrence only when the biopsy results were absent. Over the collection period, 34 patients had tumor recurrence, whereas 56 patients were not diagnosed with recurrence through the last follow-up visit. The clinical characteristics of 34 recurrent tumors are summarized in Table 2 DNA extraction from urine sediments and DNA methylation analysis by pyrosequencing Urine specimens ($50 mL) included samples from both "urine" and "bladder wash." The bladder wash was
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Statistical analysis
Receiver operating characteristic (ROC) curves summarize the accuracy of DNA markers in urine sediment from 87 independent samples, selected at the time of the last followup visit (nonrecurrent patients), or at the time of first recurrence (patients with recurrence). A subset of 83 patients with complete data on all markers was used to build a multivariable predictor model. We used stepwise A panel of six DNA methylation markers tested in urine sediments from TURBT patients was positively correlated with bladder tumor recurrence and showed high sensitivity and specificity. A, timeline of longitudinally collected urine sediment samples from patients with bladder cancer tumor resections. Each patient's starting point, denoted by time 0, refers to the first follow-up visit in the study when a urine sample was collected. A follow-up visit marked in red indicates the time of recurrence. B, ROC curves of HOXA9, SOX1, NPY, IRAK3, ZO2, and L1-MET were created using 31 urine sediments of TURBT patients at first recurrence and 56 urine sediments from the last follow-up of recurrence-free patients. C and D, long-term DNA methylation analysis in TURBT patients and its relationship with clinical status in patients who had no recurrence (C) and patients who had recurrence (D). À, negative; Ã , suspicious; þ, positive (biopsy-proven bladder tumor); R, recurrence. logistic regression, selecting variables to add or subtract based on the Akaike Information Criterion (AIC). The risk score was obtained using logistic regression, and represents the probability of a positive result (recurrence) on the logodds scale. On this scale, a score of 0 represents a probability of 0.5 (50% chance) for a patient having recurrence. This suggests that the best cutoff of the risk score to predict recurrence is 0, with scores > 0 having a more than 50% chance of being from a recurrent patient, and scores < 0 having a less than 50% chance of being from a recurrence patient. The risk score was computed using 83 patients with complete data on all markers (29 samples taken at the time of first recurrence after TURBT, and 54 samples from patients who were recurrence free at the last time of urine collection). The three-marker panel was selected using the forward and backward stepwise variable selection procedure. The AIC is the optimality criterion used for model selection. When comparing two models, the model with the lowest AIC is preferred. We compare the AIC of the model with no variables to the AIC of all 1-variable models, and add the variable reducing the AIC the most. This is repeated, by adding the next variable that further reduces the AIC. This forward step is repeated once more, with the addition of a backward step that evaluates the possibility of removing one of the variables already in the model. For each new step, the addition/removal of a variable is considered, providing a means of "stepping" through models with different combination of variables, to search for the best predictive model. The procedure ends when the model with the lowest AIC is found. Sensitivity and specificity were estimated using 5-fold cross-validation, repeating the model selection for each subdivision of the data. Five-fold cross-validation was used to obtain the reported (less biased) estimates of sensitivity and specificity. Model selection was performed using forward and backward stepwise selection on four fifths of the dataset, and the predictive ability assessed on the fifth that was not used for variable selection, an independent data subset. This was repeated five times, each time holding a separate fifth of the dataset out for validation, and performing a new model selection on the remaining four fifths. The five data subsets consisted of four groups of 17 (6 recurrences/11 nonrecurrences) and one group of 15 (5 recurrences/10 nonrecurrences). The final model was then evaluated on the remaining samples from our dataset to evaluate the performance of the markers providing the best fit to our training data. Control samples (n ¼ 134) included visits before the last follow-up visit where the patient was not diagnosed with bladder cancer; case samples (n ¼ 25) included recurrences occurring after the first recurrence and samples at the initial clinic visit when the patient presented with bladder cancer.
Results
DNA methylation analysis in urine sediments
To evaluate whether hypermethylation of HOXA9, SOX1, NPY, IRAK3, and ZO2, and hypomethylation of L1-MET could be detected in urine sediments, we analyzed urine samples collected from patients with bladder tumors (n ¼ 20) and from age-matched cancer-free controls (n ¼ 20) using pyrosequencing. The results show that DNA methylation of HOXA9 (P < 0.0001), SOX1 (P ¼ 0.0017), NPY (P ¼ 0.005), IRAK3 (P < 0.0001), and ZO2 (P < 0.0001) was significantly increased, whereas methylation of L1-MET (P < 0.0001) was significantly decreased in urine sediments from patients with cancer compared with healthy donors, indicating that the DNA methylation status in urine sediments mirror that of the tumor (Supplementary Fig. S1 ).
Longitudinal study of DNA methylation changes in urine sediments collected from TURBT patients at the time of follow-up visits
To examine whether aberrant DNA methylation of five hypermethylated and one hypomethylated markers in urine sediments is associated with tumor recurrence, we analyzed their DNA methylation status in 368 urine sediments collected in follow-up visits followed under standard care amongst patients that had undergone prior tumor resections. Figure 1A shows the representative time-dependent methylation analysis. Patients without recurrence had longer median follow-up time than the recurrence group (Table 1) . The Spearman correlation of DNA methylation level for each marker was then calculated ( Supplementary Fig. S2 ). Individual DNA methylation marker success rates averaged 98.9% across all samples (94.9-100%). Next, the DNA methylation levels of these markers in 31 urine sediments from patients collected at the time of first recurrence was compared with that of 56 samples from the last follow-up visit of patients who did not recur within the study period (Supplementary  Table S1 ). Our results show that the six markers individually displayed high sensitivity and specificity in recurrence detection as evidenced by the ROC curves and area under the curve (AUC) values [0.93-0.95, 95% confidence interval (CI) shown in Fig. 1B ]. In the group of patients without bladder tumor recurrence, urine sediment samples showed consistent DNA methylation levels throughout the duration of surveillance; markers methylated in tumors decreased in methylation levels, whereas the marker hypomethylated in tumors (L1-MET) increased and maintained high methylation levels after tumor resection ( Fig. 1C ; patients 7,873 and 7,844). In contrast, patients who had bladder tumor recurrence displayed changes in the DNA methylation status of all six markers at the time of clinically defined recurrence. DNA methylation levels of hypermethylated markers continued to increase until recurrence was confirmed with a positive cystoscopy and biopsy 19 and 33 months after the first urine sample was obtained. The elevated methylation levels decreased following resection surgery ( Fig. 1D ; patients 7,258 and 7,145). Our results demonstrate that the methylation levels of these markers displayed a clear trend in the samples obtained at follow-up visits leading to the confirmation of recurrence and showed not only a significant correlation with recurrence (P < 0.0001), but also a possible predictive value as methylation changes could be detected before clinical evidence of recurrence.
A three-marker panel
To determine the combination of markers capable of detecting tumor recurrence in urine sediments with the highest sensitivity and specificity, we built a model of multiple markers by logistic regression, using 29 samples taken at the time of first recurrence and 54 samples from patients who were recurrence free at the last time of urine collection. Three markers SOX1, IRAK3, and L1-MET were found to provide the best possible marker combination (risk score ¼ À0.37608 þ 0.17095 Â SOX1 þ 0.21604 Â IRAK3 -0.09887 Â L1-MET). Scores above zero predict recurrence. Ninety-four percent of patients with no recurrence showed negative scores (95% CI, 88%-100%) and 93% of patients with recurrence showed positive scores (95% CI, 84%-100%; Fig. 2A ). The 5-fold cross-validation analysis estimated an AUC of 0.90 (95% CI, 0.86-0.92) with sensitivity of 86% (95% CI, 74%-99%) and specificity of 89% (95% CI, 81%-97%) for a risk score cutoff of zero ( Fig. 2B and Supplementary Fig. S3B ). This three-gene model was then validated in the remaining samples taken from the same patient cohort using 25 samples taken at a visit where known urothelial carcinoma was present (TU, nine recurrences after the first recurrence, and 16 at the time of entry into the study), and 134 samples taken at visits before the last follow-up from patients who had not developed cancer during a given follow-up time (CU). Notably, the three-marker model showed an AUC of 0.95 (95% CI, 0.90-1.00) with high sensitivity (80%; 95% CI, 60%-96%) and specificity (97%; 95% CI, 91%-100%) in the internal validation set (Fig. 2C and Supplementary Fig. S3C ). The 
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igure 2. A three-marker signature showed high sensitivity and specificity in detecting tumor recurrence. A, the risk score of À0.37608 þ 0.17095 Â SOX1 þ 0.21604 Â IRAK3 -0.09887 Â L1-MET was calculated in the urine sediments of TURBT patients with no recurrence at the last follow-up and with recurrence. B, 5-fold cross-validation showed a sensitivity of 86% (95% CI, 74%-99%) and specificity of 89% (95% CI, 81%-97%). C, this threemarker model was validated in a separate urine sediment samples that included urine sediments from recurrence-free patients before the last follow-up visit (CU) and urine sediments of patients with known urothelial carcinoma (TU) with the sensitivity of 80% (95% CI, 60%-96%) and specificity of 97% (95% CI, 91%-100%). Risk scores above the cutoff value (red dashed line) denote positive scores, whereas those below signify negative scores.
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Clinical Cancer ResearchDNA methylation scores within the no recurrence and recurrence groups showed no correlation with any of the primary tumor characteristics (Supplementary Table S3 ). However, a positive correlation was found between DNA methylation status and grade of the primary tumor in the recurrence group as well as stage (Ta vs. T1) at recurrence (P<0.05; Supplementary Table S4) . These results demonstrate that the combination of a tumor-specific hypermethylated marker, SOX1, an epigenetic driver, IRAK3, and a field defect-associated hypomethylated marker, L1-MET, can detect disease recurrence with high sensitivity and specificity.
Power of prediction of recurrence
To evaluate whether methylation of the three-marker model predicts recurrence in our longitudinal study samples, we screened DNA methylation and calculated risk scores given by the combination of SOX1, IRAK3, and L1-MET in every urine sample obtained at follow-up visits from 90 TURBT patients. Risk scores over follow-up fall primarily below the cutoff in samples from patients without recurrence (Fig. 3A) and often above the cutoff in samples from patients with recurrence (Fig. 3B) . Positive DNA methylation scores were found in 90% of the samples (34/38) at the time of recurrence diagnosis, exceeding the sensitivity of both cytology (16%) and cystoscopy (8%) for the same visits to the clinic (Fig. 4A) . To quantify the prediction value of the three markers, we analyzed risk scores in patents/samples in the period before recurrence (Fig. 4B and Supplementary Fig. S4A ) or at any time visits (Fig. 4C and Supplementary Fig. S4B ). Eighty percent of patients (16/20) whose urine samples showed a history of positive DNA methylation scores developed recurrence later (95% CI, 62%-98%). Out of the 70 patients who did not have a history of positive DNA methylation scores, 52 (74%) did not recur (95% CI, 64%-85%; Fig. 4B ). Our results indicate that the three-marker signature detected in urine sediments of follow-up visits can reliably predict recurrence in 80% of patients, which is superior to the 35% (95% CI, 14%-56%) and 15% (95% CI, 0%-31%) predicted by cytology and cystoscopy, respectively (Fig. 4B) . Sample-level charts report the percentage of samples by DNA methylation score from patients with or without recurrence. The results demonstrate that the three-marker model can successfully detect current and subsequent recurrence in 90% (64/71) of DNA methylation-positive samples (95% CI, 83%-97%), whereas these same samples showed 30% (95% CI, 19%-40%) suspicious plus positive in cytology and 44% (95% CI, 32%-55%) suspicious plus positive in cystoscopy (Supplementary Fig. S4B ).
Discussion
Markers that can be detected in urine sediments provide a noninvasive method to test for the presence of bladder tumor cells and premalignant cell populations in the urinary tract (22) . Some U.S. Food and Drug Administration-approved tests, such as NMP-22, ImmunoCyt, and UroVysion, have been used for the surveillance of bladder cancer, and have shown a higher degree of sensitivity than cytology. However, the following situations make them less than ideal for comprehensive utilization and general adoption into the clinical practice: (i) these markers have a lower specificity than cytology, (ii) the specificity of NMP-22 and ImmunoCyt are influenced by other urinary benign conditions, (iii) they are not meant to replace urinary cytology and cystoscopy, but to complement those surveillance methods, and (iv) they are expensive, labor intensive, and provide marginal improvement in disease detection (3, 10, 27, 28) . Although some of these markers are currently used to predict the responses to intravesical therapies like BCG, further studies in a larger population and consistent performance assessment are still needed (29) . In addition, some new investigational urine markers such as microsatellite alterations and gene mutations (e.g., fibroblast growth factor receptor 3; FGFR3) have not been widely deployed as a routine screening method for recurrence (30) (31) (32) . Changes in DNA methylation are chemically stable, occur early during tumorigenesis, and can be quantified on high-throughput platforms, which make them poten- thereby establishing DNA methylation screening of urine sediments as a promising noninvasive approach for bladder cancer detection (10, 19, 21, (33) (34) (35) (36) (37) . However, most studies have focused on finding correlations between the methylation status of markers present in the primary tumor or urine sediments at the time of diagnosis (before TURBT) and recurrence (38) . Although some of such markers showed positive correlations with the number, size, grade, and stage of primary tumors and prior recurrence history, others did not, likely due to the variation of the study population or the sample collection conditions (39) (40) (41) (42) (43) . The variety of methods used to detect methylation, the fact that only one sample was evaluated by patient, and the reduced number of control samples used in the different studies, have made it difficult to accurately predict recurrence. More recently, it has been proposed that longitudinal collection and testing of urine sediments may help assess the prognostic and recurrence predictive value of markers (43, 44) . Several studies undertook this approach by using DNA methylation analysis, microsatellite markers, and a FGFR3 mutation assay (45, 46) . Although these markers were highly sensitive, they displayed low specificity in some cases comparable with that of cytology or a high rate of false-positive results (47, 48) . The threemarker model proposed in this study may circumvent the specificity problem. As far as we know, we are the first group using multiple DNA methylation markers to directly test risk value and monitor recurrence in serial urine samples from patients with a history of noninvasive urothelial carcinoma. SOX1, IRAK3, and L1-MET had a recurrence predictive power far superior to that of cytology and cystoscopy (80% vs. 35% vs. 15% accuracy), and therefore, they could supplement visits that reveal cytologically or cystoscopically atypical or suspicious results. NPVs of the three-marker panel were slightly lower than those obtained by cytology and cystoscopy, largely due to the definition of recurrence in our study. Patients with "no recurrence" displayed negative cytologic or cystoscopical results.
In addition, the three markers we identified here may also contribute to functional changes during tumorigenesis. For example, IRAK3 shows significantly decreased expression and promoter methylation in various cancer types, and our laboratory identified IRAK3 as a key driver for cancer cell survival through the activation of survivin (25) . Some of the limitations of our study are that the mechanisms underlying bladder tumor recurrence are still unclear and that the samples of the validation set were not ideal. However, our analysis revealed certain functional roles of these methylation markers. We minimized the chances of over-reporting sensitivity/specificity in our study by evaluating the risk score on samples different from those used to derive the statistical model. Undoubtedly, validation of these urine markers in a larger, independent patient cohort with appropriate follow-up visits is needed. However, the length of the follow-up time for each individual patient could be a difficult point for such a long-term study.
In conclusion, our study provides new insights into the value of a combination of hypermethylated and hypomethylated tumor-specific markers to screen urine sediments from patients following bladder tumor resections. To our knowledge, this is the first study to analyze multiple urine sediment samples collected over the course of many years by DNA methylation markers for bladder tumor recurrence. This study provides evidence that a marker panel may help minimize the frequency of cystoscopy for patients with a negative score. We suggest that patients with a positive urinary methylation test but no clinical evidence of bladder cancer disease should still be closely monitored because they carry a high risk of recurrence. 
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